bolism (Denton and McCormack, 1980; Hansford, 1985). Elevations in [Ca 2ϩ ] c are relayed to the mitochondria, the In the pancreatic β-cell, insulin secretion is stimulated et al., 1996). A combined with glycerophosphate. Thus, mitochonpivotal role of the mitochondria has also been highlighted drially driven insulin secretion at permissive [Ca 2ϩ ] c by the observations that insulin secretion-deficient diabetes requires both a substrate for the TCA cycle and a mellitus can be associated with mutations in the mitochonrise in [Ca 2ϩ ] m . Therefore, mitochondrial metabolism drial genome which encodes several subunits of the generates factors distinct from Ca 2ϩ and ATP capable respiratory chain complexes (Maassen and Kadowaki, of inducing insulin exocytosis 1996). Such mutations have also been linked with other Keywords: aequorin/Ca 2ϩ /exocytosis/insulin/ diseases including neurological disorders (Johns, 1996). mitochondria Moreover, the knock-out of the mitochondrial DNA in a β-cell line was shown to result in the abolition of glucoseinduced insulin secretion (Soejima et al., 1996) .
Introduction
To characterize the role of mitochondrial activation in metabolism-secretion coupling, we have monitored two In the pancreatic β-cell mitochondrial metabolism plays a parameters that reflect mitochondrial activation. The first, pivotal role in the generation of signals coupling glucose the mitochondrial membrane potential (∆ψ m ) drives the recognition to insulin secretion (Matschinsky, 1996;  second, the [Ca 2ϩ ] m whose increase results from hyper- Wollheim et al., 1996) . The main physiological secretapolarization of ∆ψ m (Gunter et al., 1994) and leads to gogue, glucose, is metabolized by the β-cell which causes the activation of several mitochondrial dehydrogenases the closure of ATP-sensitive K ϩ (K ATP ) channels and (McCormack et al., 1990a; Hansford, 1991) . In the present depolarization of the plasma membrane potential (Ashcroft study, we used the glucose-responsive insulin-secreting and Rorsman, 1989) . This leads to Ca 2ϩ influx through voltage-gated Ca 2ϩ channels and a rise in cytosolic Ca 2ϩ cell line INS-1 stably expressing the Ca 2ϩ -sensitive photo-protein aequorin, either in the cytosol or in the mitochondria (Kennedy et al., 1996) . We also used rat pancreatic islet cells transiently transfected with mitochondrially targeted aequorin. In order to study the link between [Ca 2ϩ ] c , mitochondrial activation and the exocytosis of insulin, we have permeabilized cells with Staphylococcus α-toxin, generating small holes of only 2-3 nm in the plasma membrane and, therefore, largely preserving cellular integrity (Jonas et al., 1994) . This approach renders possible the clamping of [Ca 2ϩ ] c at permissive concentrations, the direct stimulation of mitochondrial metabolism by various non-lipophilic substrates, the monitoring of [Ca 2ϩ ] m and the measurement of insulin secretion. The present study provides evidence that the activation of mitochondrial metabolism generates factors other than Ca 2ϩ and ATP which are capable of inducing insulin exocytosis.
Results
First, the effect of the tricarboxylic acid (TCA) cycle intermediate succinate rendered cell-permeant by the ester binding of a methyl group was tested in intact INS-1 cells. This substrate, which bypasses glycolysis, has been shown to mimic the effect of glucose on insulin secretion (MacDonald and Fahien, 1988) . Methyl-succinate induced both a rise in [Ca 2ϩ ] c up to 350 nM, and in [Ca 2ϩ ] m with a large transient peak reaching 1.2 µM ( Figure 1A ). These changes were accompanied by a 10-fold stimulation of The mitochondrial uptake of Ca 2ϩ , mediated by a lowInsulin-secreting INS-1 cells expressing the Ca 2ϩ -sensitive photoprotein aequorin in the cytosol or targeted to the mitochondria affinity uniporter, is driven by the ∆ψ m , while Ca 2ϩ efflux were perifused with KRBH permitting the simultaneous photon is controlled by both Na ϩ -dependent and -independent detection for [Ca 2ϩ ] measurements and effluent collection for insulin antiporters (Gunter et al., 1994) . In INS-1 cells, 5 mM mitochondrial membrane ( Figure 2B ). The latter effect is also observed in response to the physiological stimulus, glucose (12.8 mM final) ( Figure 2C ). The permeabilization produced by this organelle that could control insulin secretion. Permeabilized INS-1/EK-3 cells expressing of the plasma membrane renders possible the study of cellimpermeant metabolic substrates such as non-esterified mitochondrial aequorin were perifused with an intracellular-type buffer containing saturating [ATP] (10 mM) and succinate. Staphylococcus α-toxin-permeabilized INS-1 cells exhibited a rapid hyperpolarization of the ∆ψ m after free [Ca 2ϩ ] clamped at a permissive level (500 nM). The addition of succinate induced a large transient peak in the addition of 5 mM succinate ( Figure 2D ). In contrast, and as a control of the mitochondrial integrity, the protono-[Ca 2ϩ ] m , followed by a sustained plateau ( Figure 3A ). The simultaneous measurement of insulin release demonstrated phore FCCP which dissipates the ∆ψ m (Gunter et al., 1994) , evoked large depolarizations ( Figure 2B -E). In the that succinate stimulated the initial rate of secretion 20-fold preceding a 4-fold sustained rate above baseline β-cell the respiratory chain is also activated by reducing equivalents produced in the cytosol by glycolysis via the ( Figure 3B ). Staphylococcus α-toxin offers several advantages over glycerophosphate shuttle (MacDonald and Brown, 1996) providing FADH 2 to site II, as is the case for succinate.
other permeabilization procedures, since while making the plasma membrane leaky to low molecular weight Accordingly, glycerophosphate caused a hyperpolarization of the ∆ψ m in permeabilized INS-1 cells ( Figure 2E ). (It compounds it leaves not only organelles but also cytoplasmic proteins in situ (Jonas et al., 1994) . In particular, should be noted that we added glycerophosphate twice concentrated compared with succinate since the racemic cytosolic aequorin remains trapped in the permeabilized cells, thereby allowing continuous monitoring of [Ca 2ϩ ] c . mixture was used.) The experiments in Figure 2D C-29 cells expressing cytosolic aequorin ( Figure 3C ). As expected from the low affinity of the mitochondrial Ca 2ϩ The question then arises as to whether activation of mitochondrial metabolism is necessary only to provide uptake system (uniporter), succinate did not augment [Ca 2ϩ ] m when [Ca 2ϩ ] c was clamped at basal 100 nM in the changes in ATP levels that in turn regulate plasma membrane K ATP channels, or whether other factors are permeabilized cells (Maechler et al., 1996) . It should be noted that succinate is ineffective in intact cells (data not measurements of ∆ψ m revealed that succinate hyperpolarizes the mitochondrial membrane ( Figure 2D ), shown), and therefore only the response of permeabilized cells is monitored under these conditions. thereby permitting membrane potential-driven influx of Ca 2ϩ through the uniporter. Blockade of the uniporter We next tested the effect of glycerophosphate in order to supply reducing equivalents but not carbons to the with ruthenium red (Gunter et al., 1994) almost abolished the succinate-induced increase in [Ca 2ϩ ] m ( Figure 3F ). mitochondria. In these permeabilized cells, glycerophosphate caused a similar increase in [Ca 2ϩ ] m ( Figure 3D ) Importantly, this blocker completely inhibited the stimulation of insulin secretion by succinate ( Figure 3G ). By and hyperpolarization of ∆ψ m ( Figure 2E ) as succinate, but failed to stimulate insulin secretion ( Figure 3E ). The contrast, CGP37157, which blocks the efflux of Ca 2ϩ via the Na ϩ /Ca 2ϩ -antiporter (Cox and Matlib, 1993) , did not caused a rise in [Ca 2ϩ ] m with a transient peak at 1.45 Ϯ 0.53 µM (n ϭ 3) in conditions similar to those of change the transient peak of [Ca 2ϩ ] m evoked by succinate but slightly delayed the return to basal levels (data Figure 3A . In static incubations, 5 mM methyl-pyruvate stimulated insulin secretion in permeabilized cells 3.7-not shown).
In order to study another mitochondrial substrate under fold. This effect was very similar to the stimulation due to 5 mM succinate in the same experiments ( Figure 4A ). the same conditions, we tested the end product of glycolysis, i.e. pyruvate. The methyl ester form was used since
As succinate and methyl-pyruvate are efficient in both raising [Ca 2ϩ ] m and providing carbons to the TCA cycle, only this derivative activates insulin secretion in islet β-cells (Mertz et al., 1996) . This has been suggested to we next tried to discriminate between these two effects in the triggering of exocytosis. First, the TCA cycle be due to its preferential metabolism in the mitochondrial, rather than cytosolic, compartment (Jijakli et al., 1996) the conditions used in Figure 3 , nor did it enhance insulin secretion ( Figure 4B ). Second, when combined with the [Ca 2ϩ ] m -raising substance glycerophosphate (2 mM), citrate (1 mM) became stimulatory for insulin secretion ( Figure 4B ).
To ensure that the effect of succinate is not peculiar to insulinoma cells, similar experiments were conducted in normal pancreatic rat islet cells. In a suspension of islet There is abundant evidence for the crucial role of mitofirst transient peak 4-fold above baseline followed by a chondrial metabolism in glucose-induced insulin secretion sustained plateau 2-fold above baseline ( Figure 5C ). (Gerbitz et al., 1996; Matschinsky, 1996; Prentki, 1996) . In α-toxin-permeabilized primary pancreatic islet cells,
The integrity of the respiratory chain is a prerequisite for succinate promoted hyperpolarization of ∆ψ m and a 5-fold the action of glucose, as recently demonstrated by the stimulation of insulin secretion under conditions of elimination of the mitochondrial genome encoding subclamped [Ca 2ϩ ] c (Figure 6) Figure 1A ), succinate enhances neither [Ca 2ϩ ] m nor insulin secretion (data not shown).
We provide evidence that the stimulation of exocytosis of insulin by succinate is not due to changes in [Ca 2ϩ ] c or to Ca 2ϩ mobilization from the mitochondria, as demonstrated by: (i) the absence of any [Ca 2ϩ ] c rise in the presence of succinate in the permeabilized cells ( Figure  3C) ; and (ii) the failure of glycerophosphate to induce insulin secretion despite the large increase of [Ca 2ϩ ] m ( Figure 3D and E) . Indeed, glycerophosphate dehydrogenase is located on the outer surface of the mitochondrial inner membrane, thus feeding electrons into the respiratory chain and producing ATP (Idahl and Lembert, 1995) without providing substrates for the TCA cycle ( Figure  7 ). The increase in [Ca 2ϩ ] m evoked by glucose and methyl-succinate (in intact cells), as well as succinate and glycerophosphate (in permeabilized cells) requires hyperpolarization of the ∆ψ m which provides the driving force for the Ca 2ϩ entry. A similar action of glucose on ∆ψ m has been reported previously (Duchen et al., 1993) . When the entry of Ca 2ϩ was inhibited by the uniporter Our permeabilized cell preparation allows the exclusion of coupling factors generated by glycolysis or downstream effectors of ATP such as K ATP channels, as the sole substrates in the mitochondria and their subsequent transfer to the respiratory chain causes hyperpolarization of the modulators of metabolic stimulation of insulin secretion. Rather, the data suggest that the mitochondria are the ∆ψ m . This permits the rise in [Ca 2ϩ ] m to concentrations sufficient for the activation of NADH-generating dehydrosource of the putative factor(s) (mt-factor in Figure 7 ). This factor seems to be derived from the TCA cycle, since genases (McCormack et al., 1990a; Rutter et al., 1996) (Figure 7 ). This feed-forward effect of Ca 2ϩ depends on insulin secretion was triggered by the anaplerotic substrates succinate and methyl-pyruvate but not by glycerophosphpermissive levels of [Ca 2ϩ ] c and on the availability of substrates for the TCA cycle, ensuring anaplerotic input ate which transfers reducing equivalents to the respiratory chain without supplying carbons to the TCA cycle (Prentki, (Civelek et al., 1996; Prentki, 1996) . Indeed, pyruvate dehydrogenase has been shown to be activated by Ca 2ϩ 1996). This strongly suggests that an increase in [Ca 2ϩ ] m and TCA cycle activity govern the production of the in permeabilized HIT-T15 cells, a β-cell line (Civelek et al., 1996) , and by glucose in intact rat islets (McCormack putative factor. This hypothesis is supported by the observation that citrate stimulated insulin secretion only when et al., 1990b). Extracellular Ca 2ϩ is recruited for this mitochondrial activation. Indeed, the blockade of L-type combined with glycerophosphate ( Figure 4B ). et al., 1996) , or by the TCA cycle intermediate methylsuccinate (Maechler et al., 1996) . Similarly, blockade of indeed increased during glucose-induced insulin secretion (Liang and Matschinsky, 1991; Prentki and Corkey, 1996) . Ca 2ϩ influx attenuated the increase of NAD(P)H evoked by glucose in single β-cells (Pralong et al., 1994) . The Nevertheless, the failure of citrate alone to evoke insulin secretion in permeabilized cells ( Figure 4B ) argues against effect was not abolished, however, perhaps due to the proposed mass action of glucose (Matschinsky, 1996) the latter hypothesis, since citrate is a precursor of malonylCoA in the cytosol. which does not require elevated [Ca 2ϩ ] m . Simple membrane depolarization by potassium raises [Ca 2ϩ ] c and We propose that this putative factor cooperates with ATP and Ca 2ϩ to ensure the normal and complete secretory stimulates insulin secretion but does not reproduce the prominent and long-lasting secretory response to glucose response to glucose, i.e. to optimize the signal transduction from nutrient secretagogues to insulin exocytosis. The (Gembal et al., 1993; Wollheim et al., 1996) , implicating unidentified metabolic coupling factors distinct from Ca 2ϩ .
defective generation of mitochondrially derived messenger experimental day the islets were trypsinized (0.025% trypsin, 0.27 mM EDTA) and the resulting single-cell suspension was further maintained under spinner culture conditions in RPMI1640 without glucose (Asfari et al., 1992) . Where indicated, suspensions of INS-1 cells were also kept in spinner culture.
Transient transfection of primary cells
Rat pancreatic islet cells were isolated as above, trypsinized and seeded on 13 mm diameter extracellular matrix coated coverslips (Eldan, Jerusalem, Israel) at 4ϫ10 5 cells/ml in RPMI1640 medium. Two days later the cells were washed with phosphate-buffered saline. For each well, 10 µl of the polycationic lipid Lipofectamine (Gibco-BRL, Basel, Switzerland) were diluted in 100 µl of RPMI1640-HEPES (10 mM) medium and 1 µg of plasmid with mitochondrially targeted aequorin inserted into pcDNA1 expression vector (Kennedy et al., 1996) was diluted in another 100 µl of the same medium. The liposome and plasmid solutions were then mixed and the volume was adjusted to 250 µl with RPMI1640-HEPES medium. After 30 min incubation at room Fig. 7 . Model for the control of insulin secretion induced by succinate temperature, this transfection mixture was added to the well before a in the α-toxin-permeabilized β-cell under conditions of permissive 5 h incubation at 37°C in air/5% CO 2 . et al., 1995) .
were then permeabilized with Staphylococcus aureus α-toxin (Palmer Whatever the nature of the putative mt-factor (Figure et al., 1993; Jonas et al., 1994) (1 µg/ coverslip, i.e. per 4-5ϫ10 5 cells) 7), it is proposed that it is released in a microenvironment at 37°C for 8 min in 100 µl of an intracellular buffer adjusted tõ 100 nM free calcium (140 mM KCl, 5 mM NaCl, 7 mM MgSO 4 , close to the site of exocytosis. It cannot be determined at
Materials and methods
During recording, permeabilized cells were perifused with a stimulatory intracellular buffer giving a free Ca 2ϩ concentration of~500 nM Cell culture INS-1 cells were cultured in RPMI1640 medium as previously described (140 mM KCl, 5 mM NaCl, 7 mM MgSO 4 , 20 mM HEPES, pH 7.0, 10 mM ATP, 10.2 mM EGTA, 6.67 mM CaCl 2 ). (Asfari et al., 1992; Kennedy et al., 1996) . Stable clones of INS-1 cells expressing either cytosolic aequorin (Brini et al., 1995) 
or mitochondrial
The free Ca 2ϩ concentration was calculated by the Maxchelator programme (Bers et al., 1994) , and verified experimentally by fura-2 aequorin (Rizzuto et al., 1992) were established as detailed elsewhere (INS-1/C-29 and INS-1/EK-3 respectively; Kennedy et al., 1996) and acid fluorescence (Grynkiewicz et al., 1985) as well as with a calciumselective electrode (Orion, Cambridge, UK). Moreover, permeabilized cultured in the presence of 250 µg/ml G418 (Promega, Madison, USA) for continuous selection of cells expressing the plasmid with the INS-1/C-29 cells expressing cytosolic aequorin were used in order to estimate the free Ca 2ϩ concentration in perifused cells as an in situ associated neomycin resistance. Pancreatic islet cells were isolated by collagenase digestion from male Wistar rats weighing~200 g and measurement ( Figure 3C ). The latter gave an average value of 500 nM, whereas the values were~400 nM,~800 nM and~750 nM for the cultured free-floating in RPMI1640 medium for 5-7 days. On the
